This study includes an environmental analysis of a membrane bioreactor (MBR), the 15 objective being to quantitatively define the inventory of the resources consumed and 16 estimate the emissions produced during its construction and operation. The environmental 17 analysis was done by the life cycle assessment (LCA) methodology, in order to establish 18 with a broad perspective and in a rigorous and objective way, the environmental footprint 19 and the main environmental hotspots of the examined technology. Raw materials, 20 equipment, transportation, energy use, as well as air-and waterborne emissions were 21 quantified using as a functional unit, 1 m 3 of urban wastewater. SimaPro 8.0.3.14 has been 22 used as the LCA analysis tool, and two impact assessment methods, i.e. IPCC 2013 version 23 1.00 and ReCiPe version 1.10, have been employed. The main environmental hotspots of 24 the MBR pilot unit were identified to be the following: (i) the energy demand, which is by 25 far the most crucial parameter that affects the sustainability of the whole process, and (ii) 26 the material of the membrane units. Overall, the MBR technology was found to be a 27 2 sustainable solution for urban wastewater treatment, with the construction phase having a 28 minimal environmental impact, compared to the operational phase. Moreover, several 29 alternative scenarios and areas of potential improvement, such as the diversification of the 30 electricity mix and the material of the membrane units, were examined, in order to 31 minimize as much as possible the overall environmental footprint of this MBR system. It 32 was shown that the energy mix can significantly affect the overall sustainability of the 33 MBR pilot unit (i.e. up to 95% reduction of the total greenhouse gas emissions was 34 achieved with the use of an environmentally friendly energy mix), and the contribution of 35 the construction and operational phase to the overall environmental footprint of the system.
audiences and the latter to identify the impact categories (midpoint) and the areas of 146 protection (endpoint) that are affected by the MBR pilot unit. 147 2.2 Functional unit 148 The functional unit of this study is directly linked to the effective treatment of urban 149 wastewater and the removal of a specific antibiotic compound (i.e. sulfamethoxazole 150 (SMX)). Therefore, the functional unit that was chosen is the "effective treatment of 1 m 3 151 of urban wastewater". It has to be noted that the effluent quality parameters that were 152 achieved at the optimum operational conditions were the removal of at least 67% of 153 effluents' COD (residual COD equal to 40 mg/L) and 82% of SMX (Table 1) . It is 154 important to mention that the quality of the treated wastewater fulfills the quality criteria 155 of the Cypriot legislation (Regulation 772/2003) (i.e. COD: 125 mg/L and TSS: 35 mg/L), 156 in order to be safely reused for irrigation or to be disposed of in surface waters. In Figure 1 , the system boundaries of the MBR pilot unit are presented. These include the 159 construction materials, the MBR equipment, the treated effluent, as to its qualitative and 160 quantitative chemical characteristics, land use, other system outputs to the environment, 161 such as airborne emissions (i.e. from acidification and greenhouse gases (GHG)), the 162 transportation for construction and operation of the unit within the country, where it is 163 installed, and the effluent storage tank. The influent primary treatment (i.e. screening) and 164 the solid sludge waste (i.e. screened grit, removed solids) were not considered within the 165 scope of this LCA study and hence are not included in the system boundaries. This is 166 because a cradle-to-gate approach was used, i.e. the final disposal/reuse of the treated 167 effluent is outside of the system boundaries. The reason is that the route of the effluents' 168 disposal/reuse can affect the overall sustainability of the MBR system and therefore its 169 inclusion would make results valid for the specific route. For example, conventionally-170 treated urban effluents are enriched with organic load, and therefore their reuse for field 171 irrigation can provide nutrient content (Bengtsson et al., 1997) , lowering thus fertilizing 172 needs and in theory reducing the total environmental footprint. On the other hand, if these 173 effluents are directly released into a freshwater ecosystem they may impose stresses on the 174 'eutrophication' impact category, increasing thus the total environmental footprint, while 175 marine ecosystems are less sensitive to the eutrophication potential than the freshwater 176 ecosystems (e.g. rivers, lakes, etc.). Therefore, the route of disposal, as well as the local 177 conditions and technology used (e.g. piping, pumps, electricity mix, etc.) can have an effect 178 on the total environmental footprint, but this depends on too many local and specific 179 assumptions, which can limit the overall applicability of the results. Similarly, sludge 180 treatment and disposal were not considered within the system boundaries. Solid sludge 181 waste is the main by-product of the MBR pilot unit and as such it could be examined by a 182 separate LCA study. Moreover, different methods to manage the sludge exist, each one 183 with its own limitations, considerations and specific assumptions, and therefore each 184 method is expected to have its own environmental footprint. As a result, including a sludge 185 management scheme in this case study would limit the general relevance of the results 186 obtained by the present study.
187
Finally, a useful lifetime of 20 years for the MBR pilot unit was taken into account. This 188 is in line with relevant information in the literature (Emmerson et al., 1995; Vlasopoulos 189 et al., 2006) and also with the advice obtained by the manufacturer. The submerged membrane bioreactor considered in this study, consists of two 192 compartments: (i) the pre-aeration tank (mentioned as pre-aeration stage), where ammonia 193 nitrogen is converted to nitrates biologically through nitrification, and (ii) the membrane 194 bioreactor (mentioned as MBR stage), where the treated effluent permeates through flat-195 sheet microfiltration (MF) membranes immersed in the bioreactor to a common manifold, 196 and then is stored in a final effluent tank (Schematic 1). The unit has a rectangular shape 197 (2.3 m x 1.4 m x 2.5 m), is made by stainless steel (SS304) and it is designed to treat 10 m 3 198 day -1 of primary-treated wastewater.
199
The screened wastewater flows through a pumping station, inside the MBR reactor, by a An inventory of all flows (e.g. energy, raw materials and releases to air, land and water) of 239 the MBR system from and to nature was created. As part of this study, all relevant values 240 were normalized as per the functional unit, in order to make the options considered 241 comparable. Table 2 lists the Life Cycle Inventory (LCI) of the system under study. Data 242 external to the system boundaries are not included in the analysis. The attributional LCI 243 methodology was used, which by definition provides the set of total system-wide flows 244 that are "associated with" or "attributed to" the delivery of a specified amount of the 245 functional unit.
246
Experimental data regarding the MBR operation and treatment efficiency were collected 247 and used from the system itself. Data on materials and energy consumption, as well as 248 characterization of the wastewater entering and leaving the facilities were collected from 249 the Cypriot manufacturer of the unit, and on-site experiments and lab analysis that were 250 carried out. Also, the Ecoinvent 3.01 database was used to build the LCI of the MBR pilot 251 unit. Moreover, the local electricity mix, the electric motors and the submerge membranes 252 units were created from literature data, since they are not available in SimaPro's LCI 253 datasets.
254
The electricity mix of Cyprus consists of 92.5% from oil, 5.6% from wind power, 1.1% 255 from photovoltaic systems and 0.8% from biomass (Electricity Authority of Cyprus, 2015).
256
Data from SimaPro's LCI databases were used to model the aforementioned mix.
257
The types of the pumps and the air blowers used for the operation of the MBR pilot unit 258 are not available in the existing databases. For this reason a literature search was conducted, 259 and the available LCI data identified were related to the main part of this equipment, 260 namely to their motor. The motor that was chosen to be used in this LCA study was the membranes (average pore size: 0.4 μm) cartridges, whose main material is chlorinated 264 polyethylene, which is not listed in existing LCI databases. Thus, it was compiled using its 265 main inputs, as described in the literature (Quenum et al., 1975; Dow Chemical Company, 266 2015) . A useful life of five years was assumed for the membranes (Kubota, 2012) . In 267 addition, the cleaning of the membranes is conducted with sodium hypochlorite (NaClO) 268 (0.5%), and it was estimated that in the lifetime of the MBR pilot unit (i.e. 20 years) a 269 quantity of 18.75 kg of NaClO is required. 
Results and Discussion

300
For each of the two stages of the MBR pilot unit (i.e. pre-aeration stage and MBR stage), 301 a thorough LCI was performed, followed by a full LCA, in order to assess the 302 environmental impacts of each stage and identify their main hotspots. Finally, the two 303 stages were modeled together, in order to assess the total environmental footprint of the 304 entire MBR pilot unit. The results of IPCC 2013 impact assessment method, for a timeframe of 100 years, are fuels, and (ii) the overall low contribution to the total CO2-eq emissions of the equipment 320 and materials used for the construction of the unit. As far as the energy consumption is 321 concerned, the use of oil accounts by itself for 95.5% of the total CO2-eq emissions, while 322 wind power, biomass and solar energy are responsible for 0.1%, 0.4% and 1%, respectively 323 (Figure 2(b) ). The small contribution of the latter is attributed to the facts that these are 324 renewable energy sources and as such have a minimal environmental impact, and they only 325 contribute by a very small percentage to the local electricity mix. Moreover, 0.6% (or 0.029 326 kg CO2-eq/m 3 ) is attributed to the submerge membrane units, 0.8% (or 0.038 kg CO2-eq/m 3 ) 327 to the pre-fabricated tank (manufacturing procedure and production material (i.e. stainless 328 steel)), while the maintenance activities of the unit contribute 0.85% to the total CO2-eq 329 emissions. It has to be noted that the airborne emissions and the land use of the MBR pilot 330 unit have a few orders of magnitude lower CO2-eq emissions, compared to the energy 331 consumption, and thus they are considered as negligible. This is attributed to the fact that 332 airborne emissions, which are mainly direct CO2-eq emissions, were assumed to be 333 biogenic, having thus a neutral impact on the environment. In addition, the use of chemicals 334 for membrane cleaning and prevention of membrane fouling has a negligible contribution 335 to the total environmental impact, due to the small amounts used and their low 336 environmental impacts (e.g. NaOCl). Moreover, the pumps, the aeration diffuser, the air 337 feeding and the pipes exhibit a very low contribution (<0.1%) to the total CO2-eq emissions.
338
It is noted that the latter refers to the environmental impact of the material production of Figure 4 , 410 which can be attributed to the small amounts of chemicals used for the cleaning of this unit When ReCiPe results are aggregated into a single score, the total environmental footprint 501 of S1 is 74.7 mPt, instead of 442 mPt in the conventional scenario. Thus, a substantial 502 reduction, about 83%, is achieved by adopting solar energy. Moreover, the damage 503 category 'human health' is affected the most, followed by the 'resources' and 'ecosystems'.
504
Life-cycle emissions could derive from fossil fuel-based energy consumption to produce 505 the materials for solar cells, modules and systems, as well as directly from smelting, 506 production and manufacturing facilities. Indirect emissions associated with the use of fossil 507 fuels in the generation of energy required in the life cycle of photovoltaics can result to 508 heavy metal, SOx, NOx, particulate matter (PM), CO2, toxic gas and GHG emissions. 'human health', whereas the damage category 'resources' is mainly affected by raw 514 materials and fossil fuel consumption for the PV production. Finally, the damage category 515 'ecosystems' is mainly affected by heavy metal emissions. 516 6.2 Life Cycle Improvement Analysis of the MBR pilot unit using EPDM membranes 517 In the second alternative scenario (S2) the effect of the use of a more environmentally 518 friendly membrane material (i.e. ethylene propylene diene monomer (EPDM)), compared 519 to the material used in the conventional scenario, (i.e. chlorinated polyethylene) was 520 examined. EPDM is an inert material with limited environmental impact during 521 manufacturing, installation and use, while its excellent performance reflects to low life 522 cycle costs and less impact on the environment. If the membrane material is to be 523 substituted by EPDM, it is found that it can reduce the membrane unit contribution to the 524 total GHG emissions (IPCC 2013) almost by half. Nonetheless, this reduction does not 525 significantly affect the total GHG emissions of the MBR pilot unit, since the membrane 526 units contribution is reduced from 0.81% to 0.44%. Moreover, as far as the total aggregated 527 environmental impact (ReCiPe) is concerned, the substitution of the membrane material 528 has a slight effect, less than 1% reduction, on the overall sustainability of the MBR pilot 529 unit. It has to be noted again that it was assumed that EPDM membranes would have the 1), and 50% compared to Grid 6. A comprehensive overview of the total GHG emissions 560 per energy mix for the treatment of 1 m 3 of urban wastewater by the MBR pilot unit is 561 presented in Figure 6 . As shown in Figure 6 , the higher environmental footprint of solar 562 energy, when compared to hydroelectricity, is attributed to the energy and materials 563 required for PV system's module production (Fthenakis et al., 2008) .
564
When the ReCiPe impact assessment method was used, then the results differed, since not 565 only the total environmental footprint was found to be affected by the type of each energy 566 mix but also the scores of the impact and the damage categories varied significantly. In 567 Figure 7 (a) the normalized scores, at midpoint level, for the treatment of 1 m 3 of 568 wastewater by means of the MBR pilot unit, using different energy mixes, are presented.
569
As shown, each energy mix affects a different impact category, with the case of Grid 5 570 exhibiting overall lower scores and the case of Grid 2 overall higher scores. As noted 571 above, most of the impact categories are mainly affected by indirect emissions that relate 572 to the electricity generation, thus the differences in the energy mixes are reflected in the 573 different scores on each impact category.
574
Moreover, in order to compare each energy mix at endpoint level, the results were 575 aggregated into ReCiPe's three damage categories and then compared by using a single 576 score. Specifically, in Figure 7 (b), ReCiPes' three damage categories (i.e. 'human health', 577 'ecosystems' and 'resources') and the contribution of each energy mix is presented. As 578 observed, the damage category that is mainly affected by the MBR pilot unit is the category 579 'human health' followed by 'resources'. This is attributed mainly to the airborne emissions 580 from fossil fuel extraction and electricity production by the different energy mixes used, 581 while also air-and water-borne emissions from the same procedure mainly affect the 582 damage category 'ecosystems'.
583
As far as the total aggregated environmental footprint is concerned, Grid 1, Grid 2, Grid 3, 584 Grid 4 and Grid 5 amount to 0.42, 0.66, 0.31, 0.083 and 0.034 Pt/m 3 , respectively.
585
Therefore energy mixes that are heavily depended on fossil fuels, such as Grid 2 and Grid 586 1, highly affect the sustainability of the MBR system. For example, in the conventional 587 scenario the total environmental footprint of the MBR pilot unit is 13-fold higher than those 588 of Grid 5, where electricity is provided by renewable energies, and 5.4-fold higher than the 589 ASC), ABB Motors A/S, Petersmindevej 1, DK-5000 Odense C. 
